Electroluminescence from isolated CdSe ∕ ZnS quantum dots in multilayered light-emitting diodes
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We demonstrate near-field fluorescence excitation and imaging with a quantum dot (QD) light emitting diode (QDLED) integrated at the tip of a scanning probe. The tip-embedded QDLED is employed in a near-field scanning optical microscopy setup to directly excite a secondary colloidal QD sample. Electrically pumped QDs enable multi-color, self-illuminating probes with no conventional optics needed for light coupling. Monolayer QDs stamped at the very tip of a micromachined silicon probe facilitates precise position control of the ultra-thin (10-15 nm) light source. Sensitivity of fluorescence intensity to the QDLED-QD sample distance was measured down to 50 nm order, demonstrating spatially resolved imaging. Nanoscale fluorescence excitation and imaging of nanomaterials are active areas of contemporary research. [1] [2] [3] [4] [5] [6] [7] Nearfield scanning optical microscopy (NSOM) offers a high spatial resolution imaging tool to characterize optical properties on nanometer length scales. [2] [3] [4] [5] Since the introduction of standard aperture-based tips, 8, 9 several types of probe tips with attached components such as quantum dots (QDs), 10 fluorescent dyes, 11, 12 nanodiamonds, 13 an organic photodetector, 14 and a plasmonic lens 15 have been demonstrated. However, all these tips have to be coupled with external excitation light sources that lead to problems such as a large background noise, undesired cross excitation, 16 and photobleaching. 17 Integration of electrically pumped light sources into a silicon probe has been a topic of interest. [18] [19] [20] The advent of electrically excited colloidal QDs gives new opportunities in near-field photo excitation. QD-based light emitting diodes (QDLEDs) [21] [22] [23] [24] have been typically studied on flat glass substrates in similar configurations as organic light emitting diodes. However, with well-controlled emission wavelengths and narrow bandwidth, QDLEDs also possess a considerable potential as excitation sources for fluorescence imaging. Previously, we reported on fabrication of patterned QDLEDs on flat silicon substrates through a microcontact printing technique. 25, 26 This procedure is highly advantageous because of the compatibility of the well-studied methodology to engineer silicon-based electronics and microelectromechanical systems (MEMS). In this letter, we present NSOM fluorescence imaging with a QDLED integrated at the tip of a silicon probe. Figure 1 shows the design and fabrication of our QDLED probe. The emitter is a colloidal CdSe/ZnS core/ shell QD film "stamped" on the tip. First, a monolayer of the QD film is formed by a modified Langmuir-Schaefer technique 25, 26 and transferred on a polydimethylsiloxane (PDMS) stamp. Second, the film is transferred onto the scanning probe tip by compressing the stamp (Figure 1 23 First, NiO is sputtered as a hole transporting layer (thickness: 50 nm), on which the QD layer is stamped as described above. An electron transporting layer of ZnO:SnO 2 (ratio: 4:1, 10 nm) and the cathode of Al (thickness: 12 nm) are deposited to construct a top emitting QDLED. A side-view scanning electron microscopy (SEM) image of a QDLED probe and a zoom in image of the same probe are shown in Figures 1(f) and 1(g), respectively. Since the probe body is fabricated using standard silicon micromachining techniques, the QDLED probes can be mass-produced with additional processes such as e-beam lithography or inkjet printing 27 that are suitable for large scale manufacturing. QDLEDs with different emission wavelengths can be fabricated simply by incorporating different types of QDs. Figure 2 shows the electroluminescence observed from QDLED probes fabricated with CdSe/ZnS QDs of different sizes that exhibit emission ranging from 540 nm to 620 nm. Top-view light emission areas are typically 0.5-10 lm 2 . The single monolayer order thickness gives the capability of spatially resolved excitation. Electroluminescence spectra of the QDLED probes are shown in Figure 3 When the QDLED probe is under operation, the intensity of the light emission starts decaying typically after 2-3 h, which is long enough for a typical imaging of 15 lm x 15 lm. The decay is likely caused by current leakage between multiple layers deposited on the three dimensional structure of the probe tip. When QDLEDs are fabricated on flat substrates, we did not observe decay even after 5 h of operation. 26 Better control of the probe tip shape may extend the device lifetime. Figure 4 (a) illustrates the fluorescence excitation measurement. The QDLED probe is employed in a standard NSOM setup following the procedure we developed previously. 19 A QDLED with the peak emission wavelength at 606 nm (QDLED600) was used as the LED excitation source, while the sample is an approximately 1 lm-thick pattern of CdSeTe/ZnS core/shell QDs with the emission peak at 800 nm (QD800). The pattern is prepared on a transparent glass cover slip using a microcontact printing technique. 25, 26 The QDLED600 scanning excitation source is fixed in the focal point of the microscope objective (NA ¼ 0.6), and the QD800 sample is displaced by the XYZ piezoelectric scanning stage. The XY-axis motion of the piezoelectric stage displaces the sample QD pattern to control the lateral distance between excitation source (QDLED600) and the sample (QD800). A tuning fork force sensor attached to the QDLED probe allows the stage to control Z-axis motion that keeps the tip-surface distance within 5-10 nm to track surface topography. A long pass filter with 700 nm cut-off frequency (LP 700) was used to image fluorescence intensities. Note that direct measurement of QD-QD excitation is extremely difficult with conventional laser excitation as the overlapping nature of the QD absorption spectra precludes direct excitation of only the donor QD. In contrast, electrical excitation of our QDLED ensures that only QD600 is initially excited and that QD800 can only be excited by QD600. Emission spectrum of QDLED600, along with absorption and emission spectra of QD800 are shown in Figure 4(b). Figures 4(c) and 4(d) show a topographic and a fluorescence image that were measured simultaneously. For Figure 4 (d), we have adjusted the intensity levels of the scan lines by leveling the average intensities, compensating the intensity drift of the LED. Figure 5 shows an example of forward and backward line scans of 5(a) fluorescence intensity and 5(b) topography. Raw data without any processing are plotted with a piezo step size of 50 nm. The widths of the drop and rise found in Figure 5 (a) are in the order of 50 nm. This effect is due to the strong dependence of fluorescence intensities on the distance between the QDLED and the sample QDs. Measured QDLED current shown in Figure 5 (c) does not show correlation with the fluorescence intensities, indicating that the drop and rise in the fluorescence intensity are induced by changes in the light source-sample distance. A part of fluorescence excitation is induced by radiative energy transfer, which follows an inverse second power law. More importantly, excitons induced in the LED can also be transferred by a non-radiative scheme, in which the QDLED600 directly contacts the QD800 sample. F€ orster resonance energy transfer (FRET) typically occurs with donorto-acceptor separation distances smaller than 10 nm. 28, 29 AFM measurements showed that the top layers of Al and ZnO:SnO 2 in the QDLED form 20-nm-order grain-like surfaces with some defects. Therefore, part of the QD lumophores will be revealed and exposed on the surface. Additionally, signals from the force sensing tuning fork suggests frequent physical contact between the QDLED probe and the sample. This will result in cases where the light sourcesample separation comes closer than 10 nm. Non-radiative transfer is believed to take an important role in the cases of very sharp drop, and rise in the fluorescence intensities as the radiative field will have much smaller variations on these length scales. Here, we note the 50 nm order distance dependence is observed in the optical measurement, but a similar sharp rise is not observed in the topography. We made a mathematical model of the probe tip to assess the characteristics of the system. The probe is simplified as a circle with the radius r where QDLED600 partially coats the surface area of h min < h < h max . Fluorescence excitation occurs when the sample QD800 is within 10 nm of the QDLED600 coated area. As the probe model traces the measured topography profile, amount of samples coming across the area was calculated to find the fluorescence intensity. The result with r 1000 nm and 12 < h < 20 is shown in Figure 5 (b). The clear rise in the simulated fluorescence intensity showed a good agreement with the measurement. The result also suggests that fluctuation found in measured fluorescence profile between 750 and 5000 nm are also optical responses to the smaller topographic features.
In conclusion, we demonstrated a fluorescence imaging, as well as simultaneous topographic measurements, with a self-excitation NSOM tip with an integrated QDLED. Clear rises and drops in fluorescence intensities found on a 50 nm length scale at the edge of the quantum dot feature were much sharper and are not identical to the topographic responses, indicating direct energy transfer between QDs. Energy transfer between QDs has been drawing attention for chemical sensing, 6, 7 bioimaging, 8 illumination light sources, 30 and quantum logic devices. 31 Our method could be extended to single molecular order measurements, 32, 33 where the electrically pumped QD light source enables highly controlled direct excitation, manipulation and observation
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